The magnetoresistance of metallic multilayers in the current-perpendicular-to-plane ͑CPP͒ geometry is studied theoretically on an ab initio level using the tight-binding linear muffin-tin orbital method. The applied potential parameters were determined self-consistently for a given alloy composition within the coherent potential approximation ͑CPA͒. Lateral supercells with random arrangements of atoms of two types are used to represent disorder connected with interface interdiffusion and with alloying in the spacer. We distinguish ballistic and diffusive parts of transport and study their dependence on the type and on the strength of disorder. The theoretical approach is illustrated on disordered systems derived from the fcc-based Co͉Cu͉Co(001) trilayers that serve as the reference system. We find quite a good agreement with experimental data and with other calculations. On the other hand, our results also show the limited validity of the two-current seriesresistor model and that vertex corrections to the CPA applied to the CPP transport are of great importance.
I. INTRODUCTION
The giant magnetoresistance ͑GMR͒ in metallic magnetic multilayers is said to be due to spin-dependent scattering. 1, 2 Two types of scattering occur, namely, ͑i͒ scattering at the interfaces between different slabs ͑intrinsic defects͒, leading to ballistic transport, and ͑ii͒ scattering at impurities, substitutional disorder or irregularities of interfaces ͑extrinsic defects͒ leading to diffusive transport. In real multilayers both types play a role, and also dislocations and stacking faults can occur. In addition, magnons and phonons can cause dynamical perturbations.
In the diffusive regime the mean free path is much shorter than the dimension of the active part of the multilayer system, i.e., the whole system with exception of the leads. On the other hand, in the ballistic regime the mean free path is larger than the active part of the multilayer system.
The aim of this paper is to study on an ab initio level the effect of disorder onto current-perpendicular-to-plane ͑CPP͒ transport in magnetic multilayers and investigate the crossover from ballistic to diffusive regime with increasing disorder. In our approach the electronic structure of the system is determined within the tight-binding linear muffin-tin orbital ͑TB-LMTO͒ method 3 and the conductances are calculated in terms of a Landauer-type formula of linear response theory 4 formulated in terms of surface Green functions. The randomness is approximately represented by lateral two-dimensional supercells with random occupation of lattice sites by two kinds of atoms. The applications discussed refer to Co͉Cu͉Co(001)-based trilayers connected to ideal semiinfinite Cu leads. We also reexamine the validity of the twocurrent series-resistor model and show that it is justified only in the limit of diffusive transport.
II. THEORY

A. Description of the system
Suppose the magnetic multilayer system consists of nonrandom semi-infinite left and right leads sandwiching a trilayer consisting of a left and a right magnetic slab separated by a nonmagnetic spacer of varying thickness. The left and right leads and magnetic slabs can consist of different metals. A special case of a trilayer consists of nonrandom semi-infinite left and right magnetic leads sandwiching a nonmagnetic spacer.
Multilayers with substitutional disorder in the active region can be represented by finite two-dimensional supercells, each containing several lattice sites occupied randomly by atoms of two ͑or more͒ different types. The stacking of random supercells in the growth direction can be arbitrary. These supercells are repeated periodically within planes of atoms. In order to describe disorder ͑substitutional alloys͒ it is then necessary to average over different occupations of the sites within a given supercell by the constituents involved and, at the end, to check the dependence of conductances on the supercell size. Quite clearly, such an approach applies to disordered spacers and/or magnetic slabs as well as to disordered interfaces.
B. Electronic structure
The electronic structure of the system is described in terms of the TB-LMTO method. We assume a collinear spin structure and that spin is a good quantum number, neglect relativistic effects as well as possible layer and lattice relaxations. The details can be found in Ref. 4 .
Consider a parent lattice 5 with one atom at t 0 in the twodimensional elementary cell with translation vectors a 1 
The basis states in the case of an elementary cell with a single atom are
where N ʈ is the number of lattice sites in the basic region of the atomic plane, summation runs over all lattice sites R of the plane, Lϭ(lm) is the orbital index, and denotes the z projection of the spin. In the supercell case,
where N ʈ SC ϭN ʈ /M is the number of supercells in the basic region of the atomic plane, S n denotes the subset of all the lattice sites in the plane such that Rϭm 1 A 1 ϩm 2 A 2 ϩt n , where m 1 and m 2 are arbitrary integers. The mutual relations between these two bases are
where the vectors k ʈ , q ʈ , and Q j satisfy the condition k ʈ ϭq ʈ ϩQ j .
C. Transport properties
The conductance per one supercell, i.e., per M interface atoms, can be expressed as
where E F is the Fermi energy, e is the electron charge, h is the Planck's constant ͑the quantity e 2 /h is usually called the conductance quantum͒, and AϭP ͑AP͒ denotes the parallel ͑antiparallel͒ orientation of magnetizations of the magnetic slabs.
where z Ϯ ϭEϮi␦. The quantities B 1 (q ʈ ,E) and B N (q ʈ ,E) are the anti-Hermitian parts of the embedding potentials of the left and right lead, respectively, and g 1,N ␤, (q ʈ ,z) and
␤, (q ʈ ,z) are blocks of the auxiliary Green function connecting the boundary layers 1 and N of the active region. The magnetoresistance ratio is defined as
where R A ϭ1/C A is the resistance per interface atom or per one supercell. Partial resistances R A ϭ1/C A are defined in a similar way.
D. Ballistic and diffusive transport
If the parent lattice is randomly occupied by atoms of two types, the electrons are scattered by disorder in the active region. The motion of an electron can be either ballistic ͑if k ʈ is conserved͒ or diffusive ͑if k ʈ is not conserved͒. Here, k ʈ is a vector from the SBZ of the parent lattice.
The total conductance given by
can be divided into its ballistic part
and diffusive part
͑11͒
The above formulas are valid for systems with one atom at t 0 in the elementary cell of the parent lattice.
The transport in supercells with a perfect 2D lateral periodicity is ballistic because the q ʈ vectors from the SCSBZ are conserved. On the other hand, the vectors k ʈ ϭq ʈ ϩQ j from the SBZ are not conserved. As it was first shown in Ref. 6 , the results of supercell calculations can be used to separate the ballistic and diffusive parts of the electron motion.
Using Eqs. ͑3͒ and ͑4͒ it is straightforward to show that
where Q j ϭk ʈ Ϫq ʈ and Q j Јϭk ʈ ЈϪq ʈ .
The conductance can be calculated approximately within the coherent potential approximation ͑CPA͒ if the vertex corrections are neglected. The auxiliary Green functions
␤, (k ʈ ,z)͘ CPA , respectively. As it will be shown later, the CPA and ballistic conductances are quite similar. The reason is that the CPA one-particle propagators
this case within the CPA without vertex corrections, the diffusive transport is completely missing. On the other hand, the damping of the ballistic transport is described qualitatively quite well because the imaginary part of the CPA selfenergy mimics the particle losses from the k ʈ channel.
III. RESULTS AND DISCUSSION
We will demonstrate the effects of various kinds of disorder on the electronic transport in Co͉Cu͉Co-based trilayers connected to ideal semi-infinite Cu leads, namely, the effects of the interdiffusion at interfaces and of alloying in the spacer. In all cases we consider the fcc͑001͒ structure and the CPP geometry. The equilibrium lattice constant of Cu (a ϭ3.55 Å) is assumed.
A. Numerical implementation
In principle, one should use the potential parameters determined self-consistently for each configuration of the system. Because this approach is numerically prohibitive, we have used self-consistent CPA potential parameters determined for a given alloy composition. 3 The same parameters were employed for various random configurations ͑for more details see Ref. 4͒ . We have thus neglected all fluctuations of the potential parameters due to the variation of the local environment as well as their layer dependence and assumed that the potential parameters take only two values ͑one common for all A atoms and the other value common for all B atoms͒.
Layerwise substitutional alloys A 1Ϫx B x are simulated by randomly occupying a chosen ͑in-plane͒ supercell with A and B atoms, such that their ratio corresponds to the overall concentration x assumed for a given layer. The random configurations were generated using the RM48 random number generator. 7 We have used 5ϫ5 supercells corresponding to a A 84 B 16 random substitutional alloy, namely, 21 A atoms and four B atoms. The conductances were usually averaged over six configurations and the results agreed within 1-3 % with each other.
The k ʈ integration covers 10 000 points in the full fcc͑001͒ SBZ and 400 points in the 5ϫ5 SCSBZ. In all cases we have employed ͉Im z Ϯ ͉ϭ10 Ϫ7 Ry, where z Ϯ ϭE Ϯi␦ is a complex energy. The diffusive conductances are calculated as C diff ϭCϪC ball , C diff ϭC ϪC ball .
B. Ideal trilayer
As a reference system we consider the ideal trilayer ͉5 Co͉s Cu͉5 Co͉ with varying spacer thickness s connected to ideal semi-infinite Cu leads. The electron transport is collisionless with the exception of the slab boundaries, where the electron waves are partially reflected. k ʈ is conserved, so the transport is solely ballistic and the diffusive transport is missing. The quantum-size effects cause the oscillations of partial resistances, which in turn lead to the oscillations of the GMR ratio R CPP around a value of about 115% ͑see Ref.
4͒. The amplitudes are damped with increasing spacer thickness roughly as s Ϫ1 ͑see also Ref. 8͒.
C. Effects of disorder
In the present case, disorder can cause the following effects: ͑i͒ an increase of the overall amount of scattering that in turn contributes to a reduction of the transmission probability; ͑ii͒ a violation of the strict conservation of the k ʈ vector belonging to the SBZ of leads can open new transmission channels that contribute to an increase of the conductance; and ͑iii͒ interdiffusion smoothens the potential barriers in the ideal trilayer, which in turn also leads to an increased transmission coefficient. Therefore, the net influence of disorder on the conductance results from a competition between all these effects and may lead to an increase or decrease of the conductance, depending on the system under consideration ͑see also Ref. 9͒.
D. Interface interdiffusion
We have considered a simple model of the interface interdiffusion for the trilayer . . . Cu͉5 Co͉s Cu͉5 Co͉Cu . . . in which the interdiffused region extends over two neighboring layers of compositions Co 84 Cu 16 ͑on the Co side͒ and Co 16 Cu 84 ͑on the Cu side͒ at each interface. The resistances change very little with the varying spacer thickness because the number of disordered layers remains constant and possible quantum oscillations are damped by the disorder. The average values of conductances and resistances are given in Table I . In comparison with the ideal trilayer the GMR ratio R CPP is reduced considerably ͑approximately to 40%͒. This result is opposite to that of Butler et al. 10 and of Zahn et al., 11 who found a large increase of the GMR with interface interdiffusion. In contrast to our calculations that assume a ballistic regime for periodically repeated lateral supercells, these authors considered a diffusive regime of conduction, both of them use a linearized-Boltzmann-equation-type approach. Butler et al. 10 calculated resistivities within the CPA neglecting vertex corrections; Zahn et al. 11 introduced an additional damping in the relaxation time. Such an approach neglects the diffusive part of conductances, which is large for parallel minority and antiparallel channels leading thus to a strong decrease in C P ↓ and ͗C AP ͘, which in turn gives large values of the GMR ratio R CPP . This is confirmed by our calculations of the CPA and ballistic conductances ͑see Table I͒ .
E. Alloying in the spacer
The effect of alloying in the nonmagnetic spacer (Cu 84 Ni 16 ) on the transport properties of multilayers is shown in Fig. 1 for the The coefficients A, B, C, and D were found by a nonlinear least-square fit using the Levenberg-Marquardt method 12 and are given in Table II 20 . The deviations from the linear dependence are observed for smaller spacer thicknesses (sϽ50); they are particularly large for minority spin electrons and parallel alignment of magnetizations ͑see Fig. 1 and particularly Fig. 2͒ . This effect is connected with quantum-well states. 15 The resistivity of the alloy in a thin spacer is high, because the quantumwell states are localized and do not contribute to conduction. With increasing spacer thickness the quantum-well states delocalize due to electron scattering into other k ʈ states and begin to contribute to electron transport. The resisitivity ͓i.e., the slope of R(s)͔ decreases and finally it attains its bulk value. The characteristic length of this transition is the electron mean free path. Our results shown in Fig. 1 are similar to those of Tsymbal 16 in his Fig. 2 . The main differences, namely, that we do not find nonlinearity in the averaged antiparallel resistance, but observe a large nonlinearity in minority parallel channel can probably be explained by the fact that we assume no disorder in Co layers.
Extrapolation of the linear part of the resistance ͑13͒ to zero spacer thickness (sϭ0), i.e., the constant term B in Eq. ͑13͒ yields the total resistance of all interfaces and leads ͑Sharvin resistance͒. It is interesting to compare these values with the results found for simple ideal systems such as infinite leads, single interfaces, and trilayers . 18 for a stronger interdiffusion.
We have calculated separately the ballistic and diffusive conductances for the system . . . Cu͉5 Co͉s (Cu 84 Ni 16 )͉5 Co͉Cu . . . for spacer thicknesses 1рsр150 and for comparison also the conductance within the CPA. The results are shown in Fig. 3 . The ballistic and CPA conductances decrease exponentially with the number s of disordered spacer layers, which corresponds to the loss of charge carriers. A closer examination shows that the ballistic and CPA conductances can be expressed as a sum of several exponential functions and a constant
where the coefficients A i and B i can be found by the same method as before and are given in Table V . It turns out that Kϭ3 is sufficient to obtain a high-quality fit in the sense of the rms error, as can be seen in Fig. 3 , where lines corresponding to Eq. ͑14͒ fit very closely the calculated points. The constant A 0 ϭ0 for conductances calculated within the CPA, while A 0 Ͼ0 for conductances calculated using finite supercells. This indicates a certain limitation of the supercell method. The electron in state k ʈ can be scattered into a quasicontinuum of k ʈ Ј states in the real system and the probability that it is later on scattered back into state k ʈ is vanishingly small. On the other hand, for finite supercells, the quasicontinuum is replaced by a finite set of k ʈ Ј that after many scattering events ͑when the distance traveled is larger than the mean free path͒ will be equally populated. Consequently, even in the limit of an infinite spacer thickness, the ballistic conductance will remain finite and will tend to A 0 . One can expect that A 0 ϰM Ϫ1 , where M is the number of atoms in a supercell. The role of the finite size of supercells and the asymptotic behavior of ballistic and diffusive transport for large thicknesses of the spacer are discussed in the Appendix. The inaccuracy caused by a finite size of supercells becomes noticeable for large spacer thicknesses. A rough estimate follows from an inequality A 0 ϾA 1 exp(ϪB 1 s) that yields 383 Å ͑236 Å͒ for parallel ͑antiparallel͒ magnetization.
The decomposition ͑14͒ means that there exist several modes of electron propagation through the disordered spacer with different damping constants. The wave packet that was originally formed in the ideal lead and in the ideal magnetic Ϫ8 ⍀ m yields ϭ121 Å in a good agreement with the value of the mean free path derived from our CPA calculations. The calculations based on supercells of finite size yield an anisotropic mean free path because the system is periodic with respect to translations parallel to atomic planes leading thus to infinite mean free path along the atomic planes. This can explain why the resistances obtained from our calculations are somewhat lower than the experimental value. The Sharvin resistance along the atomic planes remains nevertheless finite.
Our results show that the CPA without vertex corrections yields the ballistic part of conductance with a good accuracy, but gives zero for the diffusive conductance as was already discussed in the end of Sec. II D. The diffusive part can only be restored by correctly including vertex corrections, proving their importance in CPA studies of CPP transport in terms of Kubo-Landauer-type approach. 4 The series-resistor model, elaborated mainly by Lee et al., 20 is widely used to interpret experimental data. There is accummulating evidence that it is valid only for diffusive conduction. Butler et al. 21 23 in their experimental study observed large differences between magnetoresistances of magnetic multilayers that differ only by sequence of magnetic layers ͑separated and interleaved arrangements͒, although the series-resistor model predicts that resistances are independent of the layer ordering. Tsymbal 16 calculated the CPP GMR in the Co/Cu multilayers using a realistic tight-binding model and found a thicknessdependent interface resistance that depends on the mean free path. As discussed above, our results confirm these findings. In particular, the results in Table III show a non-additive character of the Sharvin and the interface resistances for systems without disorder. The dependence of the resistances on the thickness of disordered spacer is nonlinear ͑Fig. 1͒, but for spacer thicknesses exceeding the mean free path a linear dependence is restored in accordance with the series-resistor model.
IV. CONCLUSIONS
We have presented a systematic ab initio study of the influence of alloying in the spacer and at interfaces on the CPP transport in magnetic multilayers. The electronic structure is described by the TB-LMTO method and the Landauer-Büttiker-type approach formulated within the framework of surface Green functions applied to laterally periodic supercells is used to evaluate transport properties.
The main conclusions can be summarized as follows: ͑i͒ Disorder connected with interdiffusion at interfaces between ideal magnetic and non-magnetic slabs can diminish the GMR ratio, but otherwise has a relatively weak effect on the CPP transport through magnetic multilayers.
͑ii͒ The two-current series-resistor model, widely used for interpretation of experimental results, is valid only for large spacer thicknesses. Non-negligible deviations appear for thicknesses comparable to the electron mean free path. Particularly large deviations are found for minority electrons in the parallel alignment of the magnetization that in turn are due to the presence of quantum-well states.
͑iii͒ We have calculated separately the ballistic and diffusive parts of the transport. The ballistic conductance decreases exponentially with the thickness of the disordered spacer and it is approximately equal to the conductance obtained within the CPA without vertex corrections. Consequently, within a Landauer-type description of linear response a correct treatment of vertex corrections in the CPA theory of the CPP transport is necessary.
͑iv͒ We have found that our results, particularly the residual resistivity of the disordered alloy forming the spacer as well as the interface resistances, agree well with experimental data and with other calculations. Also, two independent estimates of the carrier mean free path ͑from the CPA and from the residual resistivity͒ are consistent.
͑v͒ The finite size of supercells used in the calculations leads to certain inaccuracies, namely, the resistances and alloy resistivities are lowered, the electron mean free path is anisotropic, and the ballistic conductance remains finite even for infinite spacer thickness.
